More than 200 direct CodY target genes in Staphylococcus aureus were identified by genome-wide analysis of in vitro DNA binding. This analysis, which was confirmed for some genes by DNase I footprinting assays, revealed that CodY is a direct regulator of numerous transcription units associated with amino acid biosynthesis, transport of macromolecules, and virulence. The virulence genes regulated by CodY fell into three groups. One group was dependent on the Agr system for its expression; these genes were indirectly regulated by CodY through its repression of the agr locus. A second group was regulated directly by CodY. The third group, which includes genes for alpha-toxin and capsule synthesis, was regulated by CodY in two ways, i.e., by direct repression and by repression of the agr locus. Since S. aureus CodY was activated in vitro by the branched chain amino acids and GTP, CodY appears to link changes in intracellular metabolite pools with the induction of numerous adaptive responses, including virulence.
Bacterial survival depends upon the ability to sense and respond to environmental stresses, such as changes in temperature, pH, osmolarity, cell population density, and nutrient availability. Staphylococcus aureus has a well-characterized ability to survive when faced with suboptimal conditions, highlighted by the ability of S. aureus to persist in mammalian hosts both as a commensal and as a pathogen. Many regulators of S. aureus virulence gene expression have been characterized (6) . With the exception of the stress-dependent activation of B and the link between CcpA (catabolite control protein A) and select virulence factor expression (46) , however, the specific mechanisms of virulence regulation in response to changes in nutrient availability are largely unknown. The best-characterized regulator of S. aureus virulence in response to environmental changes is the Agr (accessory gene regulator) system. This system, encoded at the agr locus, includes a quorumsensing mechanism that activates a two-component system that controls synthesis of a regulatory RNA, RNAIII (for a review, see reference 33).
CodY, a highly conserved regulatory protein of stationaryphase adaptation in low-GϩC Gram-positive bacteria, is emerging as a regulator of virulence in S. aureus (28, 38, 47) as well as in other Gram-positive pathogens (4, 13, 19, 20, (28) (29) (30) . First discovered in two nonpathogenic species, Bacillus subtilis and Lactococcus lactis, CodY senses nutrient availability by direct interaction with metabolite effectors. CodY homologs define a unique, winged helix-turn-helix-containing family of transcription factors. For B. subtilis CodY, as well as for CodY proteins from Clostridium difficile, Listeria monocytogenes, and Bacillus cereus, the effectors are GTP and the branched chain amino acids (BCAAs; isoleucine, leucine, and valine) (4, 13, 20, 31, 39, 43) . GTP and the BCAAs increase synergistically the affinity of CodY for its DNA target sites (17, 50) . CodY proteins from L. lactis and Streptococcus pneumoniae, however, respond only to BCAAs (19, 37) . A region of B. subtilis CodY that is important for DNA binding (22) and a second region of the protein that is important for BCAA interaction (23, 50) are highly conserved in CodY proteins from many species, including S. aureus (23) .
We recently showed that codY null mutations in two clinical isolates of S. aureus resulted in overexpression of the agr locus, as well as the genes that encode alpha-toxin (hla) and the proteins that synthesize polysaccharide intercellular adhesin (PIA) (icaADBC), a major component of staphylococcal biofilm matrices (28) . We have now used global transcriptional analyses and genome-wide in vitro DNA binding analysis to determine the extent to which CodY-dependent regulation of metabolic genes and virulence factors is mediated by the Agr system and whether the specific genes affected by a codY mutation are direct or indirect targets of CodY. Transcriptional analysis revealed that S. aureus CodY contributes to the regulation of many virulence genes in strain UAMS-1, as well as genes involved in amino acid metabolism, carbon flow, nitrogen assimilation, and transport systems. While this work was in progress, Pohl et al. (38) reported that a codY mutation in S. aureus strain Newman causes differential regulation of many genes involved in central metabolism and virulence and that the overexpression of some of these genes is likely due to the overexpression of the agr locus.
We extended this analysis by determining that dozens of genes whose expression is affected by a codY mutation are direct targets of CodY binding. Additionally, DNase I footprinting revealed that purified S. aureus CodY binds to several for cDNA synthesis of each respective gene (see also Table S1 in the supplemental material): OCM74 for oppB, OCM72 for sspA, OCM78 for tst-1, OCM76 for capA, OCM82 for sak, OCM80 for spa, OCM53 for ilvD, and OCD15 for 16S rRNA. The following additional primers were included for PCR amplification of the cDNA: oppB (OCM73), sspA (OCM71), tst-1 (OCM77), capA (OCM75), sak (OCM81), spa (OCM79), ilvD (OCM54), and 16S rRNA (OCD14 or OCD15).
CodY overexpression and purification. The S. aureus CodY protein with five additional histidine residues appended to the C terminus was purified from Escherichia coli DH5␣ containing the pKM1 plasmid. To construct pKM1 (K. McKarty and A. L. Sonenshein, unpublished data), the codY gene was amplified from S. aureus genomic DNA (gDNA) by PCR with primers OKM1 and OKM2 (see Table S1 ) such that a SacI site, followed by the codY ribosome binding site, preceded the codY gene. The reverse primer incorporated the five additional histidine residues followed by a stop codon and an SphI site at the 3Ј end of the gene. The resulting PCR product was cloned in pBAD30, placing the S. aureus codY gene under the control of the araBAD promoter (16) . E. coli(pKM1) was grown to mid-exponential phase in Luria broth containing ampicillin (50 g/ml) and then induced with 0.2% L-arabinose and incubated for 4 h. Cells were harvested by centrifugation, and the His 6 -tagged CodY protein was purified as previously described (44) using Talon Co 2ϩ metal affinity resin (Novagen). The concentration of CodY was determined in a Bio-Rad assay using bovine serum albumin as the standard.
DNase I footprinting analysis. Oligonucleotides OCM86 (for ilvD), OCM83 (for oppB), and OCM107 (for katA) were 5Ј end labeled with radioactive [␥- 32 P]ATP (Perkin-Elmer) using T4 polynucleotide kinase (New England BioLabs, Inc.) according to the manufacturer's recommendations. The 32 P-labeled primer was then purified with a QIAquick nucleotide removal kit (Qiagen). To generate the 32 P-end-labeled promoter fragment for the footprinting reactions, the katA or oppB promoter was PCR amplified from UAMS-1 gDNA with 32 P-labeled OCM107 and OCM108 or 32 P-labeled OCM83 and OCM84, respectively. The ilvD promoter region was PCR amplified from pCM22 using 32 Plabeled OCM86 and P-ilvD1. The ilvD region in pCM22 was generated by PCR amplification of SA564 gDNA using primers OCM86 and P-ilvD1 and introduced into the pCR2.1 TOPO vector according to the manufacturer's recommendations (Invitrogen). Following amplification of the 32 P-end-labeled DNA fragment, 40,000 cpm of the end-labeled PCR product was used for each footprinting reaction. CodY was mixed at various concentrations (25 to 800 nM) with the 32 P-end-labeled promoter DNA in binding buffer (20 mM Tris [pH 8.0], 50 mM KCl, 2 mM MgCl 2 , 5% glycerol, 0.5 mM EDTA, 1 mM dithiothreitol, 0.05% Nonidet P-40, 25 g/ml calf thymus DNA). When indicated, 10 mM (each) isoleucine, leucine, and valine or 2 mM GTP or both were added. Binding reaction mixtures were incubated at room temperature for 20 min and digested for 30 s with 2 l of RQ1 DNase I (Promega) containing 0.25 to 0.5 units of enzyme. DNase I digestion and sample purification were as described by Handke (17) . A sequence ladder was created using pCM22 or pCM24 DNA and the primers OCM86 or OCM88, respectively, using the Sequenase kit (USB) and [␣- 35 S]dATP (Perkin-Elmer). The plasmid pCM24 was created by ligating the capA promoter (generated by PCR amplification of SA564 gDNA using primers OCM66 and OCM67) to the pCR2.1 TOPO vector according to the manufacturer's recommendations (Invitrogen). The pCM24 sequence (generated with OCM88) was run with the oppB and katA footprints.
DNase I digestion products and sequencing reaction products were separated on a denaturing 8 M urea-6% polyacrylamide gel by electrophoresis at 1,200 V for 2.5 h. The dried gel was exposed to a phosphor screen (Kodak) and analyzed with a Storm 820 scanner and software (Amersham Biosciences).
Primer extension analysis to map the transcriptional start site of ilvD. Twenty micrograms of RNA isolated from exponentially growing cells of S. aureus strain NCTC 8325 and purified as described previously (28) was incubated with 5Ј-endlabeled oligonucleotide P-ilvD2 and SuperScript II reverse transcriptase (SSII; Invitrogen) according to the manufacturer's recommendations. The reverse transcription products were collected by precipitation with ethanol, redissolved, and separated on a denaturing 8 M urea-6% polyacrylamide gel as above. A sequencing ladder was prepared as described above using pCD2 as the template and P-ilvD2 as primer. The ilvD region in pCD2 was generated by PCR amplification of NCTC 8325 genomic DNA using primers P-ilvDseq and P-ilvD2 and cloning of the PCR product in the pCR2.1 TOPO vector.
Affinity purification of CodY-DNA complexes and analysis with the Illumina Genome Analyzer II. Since the genome of UAMS-1 has not yet been sequenced, we used genomic DNA (two independent preparations) from the sequenced S. aureus strain NCTC 8325. Cells were scraped from a TSA plate grown overnight at 37°C, washed with 0.1 M NaCl, and lysed by incubation for 30 min at 37°C in 0.5 ml of Tris-EDTA containing 100 g lysostaphin. After extraction with phenol-chloroform-isoamyl alcohol and ethanol precipitation, each DNA pellet was resuspended in 500 l sterile deionized water and sheared by sonication (Branson 250 Sonifier with a microtip) to a fragment size of 300 to 1,000 bp by four 30-s sonication cycles on ice; each sonication cycle was separated by a 30-s incubation on ice. After addition of 10 g of RNase A, the samples were incubated at 37°C for 20 min. The DNA was repurified by phenol-chloroform-isoamyl alcohol extraction and ethanol precipitation, resuspended in 100 l 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, and cleaned by using the Qiagen PCR purification kit, according to the manufacturer's recommendations. To create separately barcoded DNA populations, four different bar-coded adapters were created. To do so, equal amounts of complementary oligonucleotides (e.g., BC1a and BC1b for bar code 1) were mixed and allowed to anneal by heating to 95°C and slow cooling to Ͻ40°C. (The b series of oligonucleotides were phosphorylated at the 5Ј ends after synthesis.) Samples (5 g) of blunt-ended gDNA were prepared by treatment with the Quick Blunting kit (New England BioLabs), according to the manufacturer's recommendations, followed by incubation at 75°C for 30 min. A dA residue was added to the 3Ј end of each fragment by incubation with 1 l of DNA polymerase I Klenow fragment (lacking exonuclease activity; New England BioLabs) and 0.5 l dATP (100 mM) for 45 min at 37°C, followed by a 30-min incubation at 75°C. The sheared, blunt-ended DNA was then ligated to the bar-coded adapters (0.125 nmol per reaction mixture) using the Quick Ligation kit. Each bar-coded sample was run on a 2% agarose gel, and DNA bands corresponding to the range of 400 to 500 bp were recovered from the gel using the Qiagen QIAquick gel extraction kit. Each purified, bar-coded DNA sample was then split into seven aliquots, each of which was subjected to 15 cycles of PCR amplification using primers Olj139 and Olj140 (see Table S1 in the supplemental material). The seven reaction mixtures with the same bar code were pooled, extracted with phenol-chloroform-isoamyl alcohol, and precipitated with ethanol. Each DNA pellet was dissolved in 60 l of sterile, deionized water and quantitated by measuring absorbance at 260 nm.
Fifty micrograms of bar-coded DNA, in a total volume of 250 l, was then used in a binding reaction mixture with 200 nM purified His 6 -tagged S. aureus CodY or His-tagged B. subtilis aconitase (42) in a buffer containing 20 mM Tris-Cl (pH 8.0), 50 mM sodium glutamate, 10 mM MgCl 2 , 0.05% Nonidet P-40, 5% glycerol, and 25 g/ml E. coli tRNA, supplemented with 10 mM (each) isoleucine, leucine, and valine (ILV) and 2 mM GTP. After gentle mixing at room temperature for 25 min, the sample was mixed with Talon Co 2ϩ metal affinity resin (0.1-ml packed bed volume) that had been preequilibrated with the supplemented buffer. The resin was washed six times with 0.25 ml of supplemented buffer, resuspended in 100 l of 10 mM Tris (pH 8.0), boiled for 5 min, and then incubated with proteinase K (100 g/ml) for 2 h at 65°C, followed by boiling for 5 min. After centrifugation for 1 min at 3,000 ϫ g, 100 l of the supernatant fluid was purified by using a PCR purification kit (Qiagen) and then subjected to 10 cycles of PCR amplification with primers Olj139 and Olj140, repurified, quantified, and subjected to analysis with the Illumina Genome Analyzer II at the Tufts University Core Facility. Each affinity purification experiment was done in duplicate. Forty cycles of sequencing were performed for each fragment end. Sequence alignment and assembly were performed using MAQ (24) against the S. aureus NCTC 8325 complete genome sequence (NCBI accession number CP000253.1). Only valid pairs that contained no more than three mismatches with respect to the aligned sequence and had a paired insert size of less than 600 bases were included in the analysis. Using BioPerl scripts, a coverage value (corresponding to the number of sequenced overlapping DNA fragments at a given position) was generated for every position of the genome for each set, creating a coverage map for each sample. The CodY/aconitase (Acn) enrichment ratio at every position was then calculated. To eliminate bias due to differences in the number of mapped reads between samples, mapped reads were randomly discarded from the larger set until each had the same number. Regions of enrichment in the CodY sample were defined as sequences for which the CodY samples showed an average enrichment ratio greater than 5-fold over a length of more than 100 consecutive positions. The coverage maps were compared, and the R statistical computing environment was used to calculate the Pearson correlation coefficient for the CodY and Acn samples. The CodY samples had a correlation of 0.98, the Acn samples had a correlation of 0.97, and the CodY-Acn correlation values ranged from 0.24 to 0.27. The enrichment values (CodY/Acn) had a correlation of 0.84.
The nucleotide sequences from the enriched regions comparing bar codes 1 and 2 were used as a training set for finding motifs by using MEME 4.1.0 (1). We allowed MEME to find motifs that occurred zero times or once per fragment on either strand of DNA and that had a P value of Յ0.003. A script was created that searched for canonical CodY boxes using the consensus sequence AATTTTCW GAAAATT (12, 15) , within the identified regions, allowing up to three mismatches.
Identification of a capA promoter binding protein. Total cellular extract was isolated from lysostaphin-treated cells of an overnight culture of strain Becker as previously described (27) . The protein extract was fractionated by ammonium sulfate precipitation. Precipitated protein fractions collected with 45% ammonium sulfate were dissolved and dialyzed overnight in Tris-EDTA (pH 7.5). The dialysate was applied to a G150 gel filtration column (45 cm by 1.7 cm) that had been equilibrated with Tris-HCl (pH 8.0) and 0.9% NaCl. Protein fractions (ϳ1 ml) were collected in the same buffer and quantified by bicinchoninic acid assay (Pierce). Each fraction was tested for binding to a [␥- 32 P]ATP-labeled 155-bp DNA fragment containing the capA promoter region amplified by PCR from strain Becker using primer pairs cp8gs3 and cp8gs6 (see Table S1 in the supplemental material). Fractions that caused a band shift were pooled and used in a large-scale gel shift assay. The shifted protein-DNA complex was extracted from the polyacrylamide gel, boiled for 5 min in SDS sample buffer, and resolved by SDS-PAGE. The gel was stained with SYPRO Ruby (Bio-Rad), and the prominent band corresponding to an apparent molecular mass of 29 kDa was excised and identified by mass spectrophotometric analysis.
Gel shift assay. C-terminal His 6 -tagged CodY was purified on a nickel column (Novagen) and used in the gel shift assay. A 139-bp fragment containing the capA promoter was PCR amplified from strain Newman gDNA using primer pairs cp8gs6 and cp8gs15 and labeled using a digoxigenin labeling kit (Roche). The gel shift assay was carried out by mixing the probe (ϳ5 pM) with increasing amounts of CodY protein in a total reaction volume of 20 l as previously described (35) . For competition experiments, an unlabeled DNA fragment was used as a specific competitor, and a 161-bp DNA fragment containing the promoter of the 16S rRNA gene, amplified using primers P16S1 and P16S2, was used as a nonspecific competitor.
Microarray data accession number. All of the microarray data used for this paper have been deposited in the GEO database (http://ncbi.nlm.nih.gov/geo) under accession number GSE20973.
RESULTS
The CodY regulon of strain UAMS-1. To assess the breadth of the CodY regulon in the S. aureus osteomyelitis isolate UAMS-1, RNA extracted from exponential-and post-exponential-phase cultures in TSB medium of UAMS-1 and its codY mutant, MS1, was subjected to microarray analysis. The concentration of CodY in exponential-and post-exponentialphase cultures is the same (28), but CodY was expected to be most active under conditions of nutrient excess. In fact, when exponential-phase samples were compared, 179 genes were more than 2-fold overexpressed ( more than 2-fold underexpressed (Table 3) in the codY mutant, relative to its parent. For comparison, 106 genes were 2-fold overexpressed and 18 genes were 2-fold underexpressed in a codY mutant of strain Newman grown in a defined medium containing the BCAAs (38) . Thus, S. aureus CodY, like B. subtilis CodY (31), acts predominantly as a negative regulator of transcription. In post-exponential phase, only 30 of the 109 genes that were differentially regulated in the codY mutant of UAMS-1 were overexpressed.
The CodY regulon of S. aureus has considerable overlap with the CodY regulons of B. subtilis (31) , L. lactis (15) , L. monocytogenes (4), S. pneumoniae (19) , and C. difficile (S. S. Dineen, S. McBride, and A. L. Sonenshein, unpublished data), especially with respect to metabolic genes. For instance, in S. aureus, as in most of the other species, the genes encoding the enzymes of the BCAA biosynthetic operon (ilvDBNC leuABCD ilvA) and the biosynthetic pathways for certain other amino acids (cysteine, glutamate, histidine, serine, tryptophan, tyrosine, and the aspartate family amino acids [aspartate, lysine, threonine and methionine]) were overexpressed in the codY mutants of both UAMS-1 (Table 2) and Newman (38) . Similarly, many genes encoding amino acid or peptide transporters, various permeases, and several peptidases were differentially regulated in the codY mutant of UAMS-1 compared to the parental strain ( Table 2) .
The members of the CodY regulon that are unique to S. aureus are primarily genes whose products have been linked to pathogenesis (Tables 2 and 3 ) (38) . Our previous work identified the hla (alpha-toxin), ica (PIA synthesis), and agr loci as targets of negative regulation by CodY (28) . A total of 50 genes associated with virulence were differentially expressed in the codY mutant of UAMS-1 during either the exponential or post-exponential growth phase. During exponential phase, 28 characterized or putative virulence genes, organized in 20 apparent transcription units, were overexpressed in the codY mutant of UAMS-1 ( Fig. S1 in the supplemental material).
The role of agr in the CodY regulon of UAMS-1. The effect of a codY mutation on the agr locus (40-fold) is much more severe in strains UAMS-1 and SA564 (Table 2 and reference 28) than in strain Newman (2-to 3-fold) (38) . Since the basal level of agr expression during exponential growth seems to be higher in Newman than in UAMS-1 or SA564, the derepressing effect of a codY mutation may be less pronounced in Newman. It is not known what causes the strain-to-strain variability in the activity of the agr locus during exponential growth.
As the agr locus is a known regulator of virulence genes (6, 9, 14, 34), we sought to determine the extent to which the overexpression of virulence genes in the codY mutant was caused by increased transcription of the agr locus by comparing transcript levels in the isogenic strains UAMS-1, MS1 (⌬codY::ermC), CM18 (⌬agr::tetM), and CM19 (⌬codY::ermC ⌬agr::tetM). (We made the assumption that an agr mutation has no effect on CodY function, since the level of the codY transcript was not affected by an agr mutation in strain UAMS-1 [data not shown].)
An agr mutation by itself resulted in no differences in the abundance of specific transcripts in exponential-phase cells, as previously reported (8) . Moreover, comparison of transcript levels in the codY mutant and the agr codY double mutant showed that the agr locus has little impact on the expression of metabolic genes that are CodY regulated (Tables 2 and 3) . Similarly, a group of virulence factors that includes katA, chp, efb, geh, icaADBC, nuc, rot, sspB2, SA0480 (a pathogenicity island gene encoding a hypothetical protein), and SA1164 (a gene encoding a fibrinogen binding-related protein) was altered in expression to essentially the same extent in both the codY mutant and the codY agr double mutant strains (relative to the wild-type parent) ( Table 2) . In strain Newman, the virulence-related genes katA and sodM and some genes of the cap locus were affected by a codY mutation in an agr mutant strain (38) . We conclude that CodY regulates transcription of the majority of its regulon in an agr-independent manner.
However, for other members of the CodY regulon, including the virulence-associated genes capACDFG, hla, hlb, SA1186 (phenol-soluble modulin), and SA0270 (putative staphyloxanthin biosynthesis protein), the effect of a codY mutation was suppressed by an agr mutation (Table 2) . That is, in the agr single mutant and in the agr codY double mutant, the transcript levels for these genes fell below (or were at) the limit of detection. These results suggest that CodY-dependent regulation of these genes is mediated primarily through the effect of CodY on the agr locus, but we cannot rule out the possibility that in the absence of positive regulation by the Agr system the level of transcription of these genes is so low that any independent effect of a codY mutation would be undetectable.
Role of sarA in codY-mediated overexpression of the agr locus and the ica locus. Since SarA is a known activator of both the agr (10, 18) and ica loci (21, 48), we asked if CodY was acting through sarA to cause overexpression of some virulence genes. Semiquantitative RT-PCR analysis showed that RNAII and RNAIII were overexpressed in a codY mutant independently of the status of the sarA gene (Fig. 1A) , but sarA may be needed for maximal expression of these genes. Similar analysis (Fig. 1B) showed that icaA was overexpressed in codY, agr codY, and agr sarA codY mutants, confirming and extending the microarray results and demonstrating that repression of the icaA promoter by CodY is independent of both SarA and RNAIII. Additionally, Fig. 1B shows that the abundance of icaR mRNA was unaffected by any of the mutations tested, a result consistent with our previous finding that the effect of a codY mutation on expression of the ica locus is independent of icaR transcript levels (28) . During post-exponential growth, the icaA transcript levels in all strains were at similarly low, undetectable levels (data not shown).
Genome-wide identification of CodY binding sites in S. aureus. To determine the direct targets of CodY, we designed an affinity purification (pull-down) experiment using purified His 6 -tagged S. aureus CodY to identify all regions of the S. aureus genome that interact with CodY in vitro. gDNA from the S. aureus strain NCTC 8325 was used in the pull-down experiment because the genome of this strain has been fully sequenced, a prerequisite for effective resequencing using the Illumina Genome Analyzer II (GA II). The protocol for this experiment is outlined in Fig. 2 . Binding reactions were carried out with 200 nM His 6 -tagged S. aureus CodY, a fragmented, adapter-ligated gDNA library, and a buffer containing the effectors of CodY activity (10 mM ILV and 2 mM GTP). A control pull-down experiment with 200 nM purified His-tagged B. subtilis aconitase (Acn) was carried out in parallel. The DNA-protein complexes were isolated from solution using a Co 2ϩ resin, amplified, and subjected to high-throughput paired-end sequencing. That is, the sequences of the first and last ϳ40 bp of each DNA fragment were determined directly. Then, for each fragment, the sequence between the fragment ends was filled in based on the published sequence of the NCTC 8325 genome. In this way, a coverage map of the entire genome in each purification experiment was created. The coverage map represents the number of times a specific base pair on the chromosome is represented in the sequencing of each DNA sample. An enrichment value was then generated for every position on the chromosome by comparing the coverage map of the CodY pull-down assay to the coverage map of the Acn pull-down assay. Enriched regions were arbitrarily defined as regions longer than 100 bp that showed 5-fold or higher enrichment throughout their length in the CodY pull-down assay relative to the Acn pull-down assay. From this collection of regions, a subset in which the position (bp) of maximum enrichment in the CodY sample was 20-fold or higher was selected for further analysis. Table S4 in the supplemental material lists all 231 positions of high enrichment that were identified, the maximum enrichment value found in that region, the local gene structure near the position of enrichment in NCTC 8325, and the corresponding annotation and gene function. Fifty-eight percent (134/231) of the positions of maximal enrichment mapped to intergenic regions. In the NCTC 8325 genome, as well as many other S. aureus genomes, only 15% of the nucleotides map to intergenic regions (http://cmr.jcvi.org/tigr-scripts/CMR /GenomePage.cgi?orgϭntsa05). Thus, CodY binding sites show a preference for intergenic regions compared to coding sequences.
Using the MEME suite (http://meme.sdsc.edu/meme4_1_1 /cgi-bin/meme.cgi), we found a 21-bp conserved motif (referred to here as the de novo motif) (Fig. 3) in 223 of the 231 regions of high enrichment. A 15-bp conserved sequence (the canonical CodY box, AATTTTCWGAAAATT) was previously described based on analysis of L. lactis and B. subtilis CodY-regulated genes (3, 12, 15) . The canonical CodY box is contained almost completely within the de novo motif (Fig. 3) . The enriched regions were also searched for the previously described CodY binding box, allowing up to three mismatches. The locations of the first nucleotide of each 21-bp de novo (i.e., newly identified) motif and of each 15-bp CodY box, relative to the position of maximal enrichment, are shown in Table 4 and in the supplemental information. Ninety-seven CodY boxes were found within the enriched regions and usually overlapped with the newly identified motifs.
We also asked whether the enriched positions were near genes whose expression is affected by a codY mutation. Of the 231 enriched positions, 63 fell within or upstream of genes that were overexpressed in the codY mutant of UAMS-1, and 9 were associated with genes that were underexpressed in the codY mutant. The 59 enriched positions that corresponded to genes regulated by CodY during the exponential growth phase mapped to a total of 49 transcriptional units that are strong candidates for direct regulation by CodY (Table 4) . Ninety-six percent (56/59) of the enriched regions that are associated with genes regulated by CodY during exponential growth have a newly identified motif. Sixty-two percent of these regions of enrichment have at least one CodY box, which is always in close proximity to, if not overlapping the location of, a newly identified motif. Interestingly, the de novo motif is not symmetrical and is therefore specific to one strand, whereas the CodY box is palindromic. FIG. 2 . Protocol for genome-wide identification of CodY binding sites. Briefly, gDNA was sheared by sonication. Adapters were ligated to the sheared DNA and then gel purified to obtain a DNA library containing fragments of 400 to 500 bp in length. The DNA library was then subjected to PCR amplification using adapter-specific primers to generate enough DNA for the pull-down experiment. A 200 nM concentration of His-tagged CodY or 200 nM His-tagged Acn was incubated with 50 g sheared, adapter-ligated DNA and the effector molecules (2 mM GTP and 10 mM ILV). Protein-DNA complexes were purified with a Co 2ϩ resin. Following elution of the protein from the resin, the DNA was isolated, PCR amplified again, and subjected to analysis with a Illumina Genome Analyzer II.
FIG. 3. S. aureus
CodY binding motif. A search for common motifs in the 231 regions enriched in the CodY pull-down experiment was conducted using the MEME suite and the parameters described in Materials and Methods. The motif shown was found in 223 of the 231 enriched regions, with a P value Յ0.003. The canonical CodY box previously identified (12, 15) The enrichment factor is for the position of maximum enrichment in the CodY pull-down sample (relative to the Acn pull-down sample) and corresponds to the identified motif(s) or the canonical box(es) indicated in the row. 
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Based on this analysis, many genes that are strong candidates for direct repression by CodY are involved in amino acid biosynthesis or macromolecular transport (Table 4 ). In addition, nine transcription units associated with virulence are likely to be directly regulated by CodY. The promoter regions of hlb, hla, SA1164 (encoding a fibrinogen binding-related protein), and SA2419 (encoding IgG-binding protein SBI) were bound by CodY in vitro and repressed by codY in vivo. In the case of hla, which encodes alpha-toxin, the site of maximum enrichment in the CodY pull-down assay lies about 700 bp upstream of the transcriptional start site; this site corresponds to the location of a CodY box (with three mismatches) and a de novo motif. The hlb gene, encoding beta-toxin, has a CodY box (with three mismatches) located 319 bp upstream of the translational start site at a position that corresponds to a determined site of maximum enrichment (Table 4) . Interestingly, the hla gene is subject to regulation by the Agr system; the impact of a codY mutation was lost in an agr mutant. The fact that hla appears to be a direct target of CodY binding suggests that hla is subject to two forms of regulation, positive regulation mediated by RNAIII and negative regulation by CodY.
One position of maximum enrichment corresponds to a gene that was underexpressed in a codY mutant during exponential growth. This gene, SA1042, encodes a hypothetical protein of unknown function with homologs present only in other S. aureus strains. SA1043, which encodes a glycosyltransferase group I family protein, is immediately downstream of SA1042 and is probably within the same transcription unit. Both SA1042 and SA1043 were underexpressed in the codY mutant during exponential growth. This operon may be the only example in S. aureus of direct positive regulation by CodY during the exponential growth phase. Surprisingly, the region of enrichment associated with SA1042 does not contain a canonical CodY box (with fewer than five mismatches), but it does contain a newly identified motif.
Nine positions of enrichment are associated with genes underexpressed in the codY mutant during post-exponential growth and include positions near the following genes: SA1042, purQ, SA0788, SA2309, SA1883, SA1664, SA0088, SA0662, SA1042, and SA1883. Three enriched regions are associated with genes overexpressed in the codY mutant during postexponential growth and include positions near capK, SA2491 (a conserved hypothetical protein), and sspB1 (a cysteine protease precursor). The fact that the expression of some genes that appear to be direct targets of CodY is only affected by a codY mutation in post-exponential-phase cells, i.e., in cells in which CodY is expected to be inactive even in the wild-type strain, has two implications. First, such genes are probably not affected by a codY mutation during exponential growth because of overriding regulation by other factors. Second, CodY must retain some activity in wild-type post-exponential-phase cells.
Additionally, a considerable number of enriched regions were identified within or near genes whose transcript abundance is not affected by a codY mutation in UAMS-1. This list includes sasG, several surface proteins (including isaB, clfB, and ebh), and numerous other genes (for a complete list, see Table S4 in the supplemental material). The failure to observe in vivo CodY-mediated regulation near in vitro CodY targets can be due to several factors, including the activities of other regulators at a given locus and the genetic variation in S. aureus isolates. For instance, Pohl et al. recently reported that a codY mutation in strain Newman causes underexpression of the sasG gene during exponential growth (38) . Moreover, the CodY pull-down experiment identified a position of maximum enrichment within the sasG gene of NCTC 8325. Because the UAMS-1 genome lacks the region (RD5) that contains the sasG gene (7), the sasG gene did not show up among those affected by a codY mutation in that isolate.
CodY-dependent regulation of the agr locus. Although a codY null mutation clearly causes overexpression of the agr locus in strains UAMS-1, SA564 (28) , and Newman (38) , gel mobility shift analysis showed only a low-affinity interaction of CodY with the P2 and P3 promoter regions of the agr locus, which drive expression of all agr genes (data not shown), and the CodY pull-down experiment did not show any significant enrichment of the P2-P3 region. The CodY pull-down assay, however, did show binding of CodY to the agrC gene (Table 3) . When the agr locus was first described, a weak promoter (termed P1) was detected in this region through a gene fusion with a promoterless lacZ gene (36) . Thus, CodY may directly regulate the P1 promoter of the agr locus or block elongation of transcripts from the major P2 promoter upstream of agrB. Future work will be directed toward understanding how the agr locus is regulated by CodY.
CodY binding sites in the ilvD promoter region. Because the ilvD promoter has two CodY boxes (11, 38) , was overexpressed in codY mutants of strains Newman (38) , UAMS-1, and SA564, and was enriched in the pull-down assay, it is very likely to be a direct CodY target. To confirm such an interaction, we used DNase I footprinting analysis to locate the CodY binding sites(s) within the ilvD promoter region. As shown in Fig. 4 , we found two high-affinity binding sites that correlated well with the positions of the CodY boxes. Moreover, the binding sites defined by footprinting analysis overlapped with the region enriched in the pull-down experiment (Fig. 4B) . Primer extension analysis was used to map the 5Ј end of the ilvD mRNA ( Fig. 4B and data not shown) . The apparent transcriptional start site of the ilvD promoter fell between the two sites of CodY binding. Given that the ilv operon is strongly overexpressed in a codY mutant, the sequence-specific binding of CodY leads us to conclude that ilvD is directly repressed by CodY.
S. aureus CodY is activated synergistically by the BCAAs and GTP. CodY proteins from B. subtilis (17, 43) , C. difficile (13) , and L. monocytogenes (4) are activated as DNA binding proteins by the BCAAs and GTP. The CodY proteins of L. lactis and S. pneumoniae, however, are only activated by the BCAAs (19, 37) . To test the response of S. aureus CodY to these metabolites, we measured binding to the ilvD promoter in the absence of effectors or in the presence of 2 mM GTP or 10 mM ILV or both. When GTP and BCAAs were both present, CodY bound to the ilvD promoter with high affinity (50% protection was seen at 25 to 50 nM CodY). When either the BCAAs or GTP was absent, the affinity was greatly reduced but still higher than that of CodY alone (compare protection levels seen at 800 nM CodY with and without effectors).
CodY binding sites in the oppB and katA promoters. Footprinting analysis was also used to locate the sites of CodY interaction with the promoter regions of oppB and katA. CodY bound to the oppB promoter at a position that overlaps with both a CodY box and the sequence enriched in the pull-down experiment (Fig. 5A) . Similarly, CodY interacted with the katA promoter in a region that includes a CodY box (with three mismatches) and overlaps with the region enriched in the pulldown experiment (Fig. 5B) . Binding of CodY was enhanced in the presence of the BCAAs and GTP (Fig. 5B) . The footprinting experiment provides strong evidence that the katA promoter region is a direct target of CodY even though the maximum enrichment in the pull-down experiment was only 9-fold. Moreover, expression of the katA gene was derepressed by a codY mutation in both agr wild-type and mutant backgrounds.
The cap locus. Pohl et al. (38) reported that the cap genes of strain Newman, which are responsible for capsule biosynthesis (25, 35) , are regulated by CodY in both agr-positive and agrnegative strains, indicating that in strain Newman CodY regulates the cap locus through an agr-independent mechanism. The capA promoter has a CodY box that overlaps with the Ϫ10 region of the promoter (35, 38) , reinforcing the likelihood that CodY directly regulates this operon.
Strong evidence that CodY directly represses the capA promoter of strain Newman came from experiments designed to identify in an unbiased way proteins that bind to the promoter. Protein extracts were partially purified by differential ammonium sulfate precipitation and then fractionated by gel filtration chromatography. Each fraction of the elution was tested for binding to the capA promoter by using a gel mobility shift assay. Fractions that caused a change in mobility of a capA promoter probe were pooled and used in a large-scale gel shift experiment. Two large bands corresponding to the shifted probe (Fig. 6A) were excised and subjected to SDS-PAGE analysis (Fig. 6B) . A major protein band of about 29 kDa was showed that CodY bound with high affinity to a 139-bp fragment containing the capA promoter. A complete shift occurred between 10 and 100 nM CodY (Fig. 6C) . The shifted bands were competed away with a 1,000-fold excess of specific, cold competitor (the same 139-bp fragment from the capA promoter region), but not with a similar excess of nonspecific cold competitor (the promoter of the 16S rRNA gene) (Fig. 6C ).
Despite the clear interaction of CodY with the capA promoter of strain Newman, the cap operon of strain UAMS-1 was overexpressed in exponential-phase cells of the codY mutant (Table 1) , but not in strains lacking the agr locus (CM18 or CM19). Thus, the overexpression of the agr locus in the UAMS-1 codY mutant is at least partially responsible for the effect of a codY mutation on cap operon expression, in keeping with the fact that agr is known to activate cap transcription (26) . Our data, however, did not allow us determine whether in UAMS-1 CodY has any effect on cap operon expression that is independent of agr, because the level of expression in the agr mutant was below detection. Interestingly, the capA promoter region of strain NCTC 8325 was not enriched in the CodY pull-down experiment, but two other regions within the cap operon, including sites within capD and capK, were enriched in the pull-down experiment (Table 4) . Perhaps in NCTC 8325 and UAMS-1 CodY regulates one of the previously identified, internal promoters of the capA-P operon (41), or it might regulate this locus by blocking elongation of transcription from the capA promoter.
DISCUSSION
The present study, in conjunction with previous findings reported by Pohl CodY also regulates central metabolic pathways that determine the synthesis and distribution of pyruvate and 2-oxoglutarate, including the conversion of 2-oxoglutarate to glutamate, the step that couples carbon and nitrogen metabolism. The central metabolic pathways that appear to be directly regulated by CodY are depicted in Fig. 7 . S. aureus encodes three lactate dehydrogenases, ldh1, ldh2, and ldh3 (40) , that can, in principle, interconvert pyruvate and lactate. The conversion of pyruvate to lactate regenerates NAD ϩ from NADH; the reverse reaction allows lactate to be utilized as a carbon source. Interestingly, strains lacking ldh1 are attenuated in virulence, and strains lacking both ldh1 and ldh2 are nearly avirulent (40) , linking pathogenesis to central metabolism. Since ldh1 is a direct target of repression by CodY, the product of ldh1 is likely to serve primarily as a lactate utilization enzyme.
Of the many S. aureus virulence factor genes whose expression is affected by a codY mutation in strains UAMS-1, SA564, and Newman (28, 38) , about half are overexpressed in a codY mutant strain mostly, if not solely, because they are positively regulated by the Agr system and CodY is a repressor of the agr locus. A second large group of virulence genes and operons that is regulated by CodY independently of agr includes icaADBC, ldh1, isdF, sodA, SA2585, chp, geh, katA, nuc, rot, sspB2, SA1971, SA0480, SA1164, SA2418, rsbU, lytS, SA2294, SA2295, and SA0901.
The distinction between genes repressed by CodY through its effects on the agr locus and genes repressed directly by CodY is not always strict (Fig. 8) . That is, some genes appear to be regulated by CodY both directly and indirectly. For instance, in both UAMS-1 and Newman, a codY mutation causes overexpression of cap operon genes during the exponential growth phase, and this overexpression is at least partially attenuated in an agr codY double mutant (this work and reference 38), consistent with the observation that the capA promoter is activated by RNAIII (26) . However, during the exponential phase in strain Newman and in post-exponential phase in UAMS-1, the cap genes are significantly derepressed in the agr codY double mutant compared to an agr single mutant. Taken together, the data from UAMS-1 and Newman suggest that codY represses some genes of the cap locus through both agr-independent and agr-dependent mechanisms.
Moreover, our results demonstrate that CodY binds to the capA promoter region of strain Newman and to sites within the cap operon in strain NCTC 8325. Two other virulence genes that appear to be direct targets of CodY, sodA and katA, encode superoxide dismutase and catalase, respectively, which neutralize superoxides and hydrogen peroxide generated by reactive oxygen bursts produced by the host immune system. Evidence for direct repression by CodY is especially strong for the katA promoter, since footprinting analysis showed that CodY binds with high affinity to the katA promoter close to the position of maximum enrichment in the pull-down experiment. Positions of high enrichment were also found in or upstream of the virulence genes hla, hlb, sspB1, SA1164, SA2418, SA2585, and sasG. The hla (alpha-toxin) gene is interesting because its mRNA is dependent on RNAIII for translation and the gene is repressed by CodY at the level of transcription. SA2585, which encodes a putative member of the PfoR superfamily and has homologs in many Staphylococcus species, was overexpressed in codY mutants of both UAMS-1 (Table 2) and Newman, in which it was annotated as a hypothetical protein (38) ; this derepression is independent of the agr locus. It would be very interesting to determine the role of this transcriptional regulator in S. aureus and whether it contributes to the expression of genes of the CodY regulon.
Although CodY strongly represses the agrBDCA locus during exponential growth, we still do not know the exact mechanism of CodY regulation at this locus. In vitro binding assays show that CodY does not interact with the P2/P3 promoter region but instead binds within the agrC gene. One interpretation of these data presupposes that promoter P1, which lies near the end of agrC but has not been precisely mapped, is necessary for synthesis of a basal level of AgrA (the response regulator), without which the quorum-sensing system cannot respond to its peptide signal. Repression of P1 by CodY prevents any signal transduction when cells are in a nutrientreplete environment. Alternatively, CodY may achieve the same effect by acting as a transcription roadblock for mRNA initiated at P2. The two models are not mutually exclusive. Future work is aimed at addressing the role of the P1 promoter in CodY regulation of the agr locus. The presence of apparent CodY binding sites within other operons, such as the cap and ica operons, may also reflect roadblock mechanisms of regulation.
Many virulence determinants in S. aureus and other pathogens can be viewed as an extension of the stationary-phase response characteristic of many bacteria, including both pathogens and nonpathogens. That is, many bacterial pathogens induce the production of virulence factors under conditions of nutrient limitation and environmental stress, in conjunction with other stationary-phase-associated adaptive responses. In many cases, the benefit to the bacterium may be its more effective competition for limited nutrients. In S. aureus, as in other Gram-positive species, the CodY protein, through its monitoring of intracellular metabolite pools, appears to link the expression of many virulence genes to the control of central metabolic pathways and to the nutritional status and metabolic potential of the cell. 
